The present study was conducted to determine the effect of spacing on the growth, biomass production and wood quality of leucaena in order to be used as a fuel crop. Leucaena was grown in a field experiment at the Suwanvajokkasikit Research Station, Pak Chong, Nakhon Ratchasima, Thailand in 2006-2010. The experiment was arranged in a randomized complete block design with 4 replications. The treatment consisted of six spacings (1 × 0.25, 1 × 0.5, 1 × 1, 1 × 1.5, 2 × 0.5 and 2 × 1 m). The results showed that spacing had a significant effect on plant height, diameter at breast height, the number of coppice stumps and biomass yield. Wider spacings resulted in greater plant height. The widest spacing (2 × 1 m) exhibited the higher stem diameter and sprout number than the narrow spacing. The narrowest spacing of 1 × 0.25 m spacing produced the highest total dry weight of leaf, woody stem and biomass yield. The spacing did not have an influence on the heating value and the content of H, N, S, Mg, Cl and ash. However, some of the chemical compositions show significant different with different spacings such as C, O, P, K and Ca content.
Introduction
The use of biomass can reduce reliance on fossil fuels, to mitigate greenhouse gas (GHG) emissions and to increase energy resource diversification. Among the different renewable energy sources, biomass is one of the promising choices, which has the potential to be used as the raw material to generate electricity [1] . In Thailand, an agricultural-based country, there are many sources of agricultural residues [2] that in total amount of about 61 million ton per year [3] , which are used as the main source of biomass energy for industry. However, there are limitations on biomass utilization in Thailand such as the problems of collection, transportation and storage, and availability. For these reasons, fast-growing tree farming for biomass production is likely to be a solution and the most sustainable method of fuel supply for biomass gasification electricity generation [4] . Leucaena is expected to become one of the biomass energy resources, because it is a fast growing tropical tree [5] and with a high yields of woody material [6] . Moreover, leucaena can be used for many purposes including forage, wood, shade, green manure, live fences and erosion control [7] .
For energy utilization, information on the productivity related aspects and relative performance of leucaena is not available for large scale cultivation. In order to produce sufficient and sustainable quantities for electricity generation, plantation management must identify the important factors that have an influence on the long term growth and productivity after harvesting leucaena. Spacing is one of the most important factors influencing the growth of leucaena. High plant populations (10,000 -20,000 trees·ha ) were reported to optimize fuelwood production in the Philippines [8] . Guevarra et al. [9] examined even higher plant populations (44,000 -133,000 trees·ha ) were suitable for forage production. Spacing affects management options and the final product which the leucaena production for bioenergy may be optimized with the correct initial spacing [10] . To maximize potential yield, it is particularly important to establish stand densities per unit (spacings) that ensure the best utilisation of the site in long-term. In case of wood quality, leucaena need to evaluate the wood properties. Not only heating value is the most important parameter to characterize the chemical properties for combustion but the ultimate analysis as well. The ultimate analysis provided weight of percentage of C, H, O, N and S [11] . The ulti-mate analysis is ralated to thermal utilization of the wood [12] and can be also used to evaluate their heating values. Moreover, elemental analysis (P, K, Ca, Mg, Cl and Ash) can be used as the parameters to determine their impact on the environment that play an important role in sustaining energy production system. In addition, relatively little is known about the quality of leucaena wood at different spacings. Therefore, the present study aimed to assess the influence of spacing on the growth, biomass yield and wood quality of leucaena for fuelwood.
Materials and Methods

Site Description
The experiment was conducted at the Suwanvajokkasikit Research Station, Pak Chong district, Nakhon Ratchasima province, Thailand (14˚38'N, 101˚18'E, elevetion of 388 m above sea level). The soil was a sandy clay loam and with weak acidity (pH 6.5). The soil fertility was moderate in organic matter and in the availability of all the three major nutrients (0.11% N, 9.7 ppm P and 43.4 ppm K) in the top 15 cm soil layer. The climatic conditions of the site were recorded at the Suwanvajokkasikit Research Station.
Experiment Design
The experiment was arranged in a randomized complete block design (RCBD) with 4 replications. The treatments consisted of 6 spacings (1 × 0.25, 1 × 0.5, 1 × 1, 1 × 1.5, 2 × 0.5 and 2 × 1 m). The six spacings gave tree densities ranging from 5000 to 40,000 trees·ha 
Establishment and Management
Leucaena was planted by direct seeding in December 2006. The area was ploughed and cultivated to produce a good seedbed before sowing. Leucaena leucocephala cultivar Taramba was selected for the study and leucaena seeds were scarified and inoculated with rhizobium strain 3126. A basal fertilizer was supplied consisting of double super phosphate (46% P 2 O 5 ) at a rate of 187.5 kg·ha . Following seedling emergence at 4 months, trees were thinned to one tree per hill. The present study was conducted under rainfed conditions and sowing was done at the start of the dry season. Therefore, the experiment was irrigated eight times by sprinkler at 25 mm· time 
Plant Measurement
The 1 st year, leucaena was harvested in December 2007 after 12 months emergence and the 2 nd , 3 rd and 4 th year were harvested after 12 months regrowth in December 2008, December 2009 and December 2010, respectively. The plant height and stem diameter at breast height (DBH) and number of coppice per stump were measured on six randomly selected trees in each treatment at 6 months and before each harvest (12 months); plant height was measured using a meter stick, stem diameter was measured at a height 1.3 m above ground level using a vernier caliper and the sprout number was measured the number of green sprout at main axis of stump. The trees were cut at 50 cm above ground level. Each tree was partitioned into leaf (including green stem), branch and stem. Fresh weight of every tree part was recorded immediately by using an electronic balance after harvesting. Dry weight of leaf, branch and woody stem were measured by hot air oven at 80˚C for 2 weeks and then woody stem were air dried again for about 3 months to measure dry weight. Woody stems were analyzed for carbon (C), hydrogen (H), oxygen (O), nitrogen (N) and sulfer (S) content (ultimate analysis) by an elemental analyzer (LECO CHNS-932). The determination of chemical compositions such as phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg) and chlorine (Cl) contents were analyzed by the Association of Official Analytical Chemists (AOAC) method [13] . The ash content of the woody stem was measured by a proximate analysis method [13] . The heating value of the woody stem was measured using a standard bomb calorific combustion method [13] .
Statistical Analysis
All data were subjected to analysis of variance (ANOVA) appropriate for a randomized complete block design (RCBD). The least significant difference at the 5% level was used to identify significant statistical differences.
Results
Climatic Condition
In the establishment year, there was no rainfall during the first 2 months (December 
Plant Height, Stem Diameter and Number of Coppice Stumps
The wide spacing (2 × 1 and 1 × 1.5 m) resulted in the greatest plant heights (729 and 732 cm respectively), while the narrow spacing (1 × 0.25 and 1 × 0.5 m) recorded the lowest plant height (625 and 672 cm) in the 1 st year ( Table 2 ). There were no significant differences between spacing for plant height in the 2 nd year. In the 3 rd year, the 2 × 1 m gave significantly higher plant height than the narrow spacings of 1 × 0.25 and 1 × 0.5 m. The similar results were also found in the 4 th year, where the widest spacing of 2 × 1 m gave a greater plant height than the narrow spacing of 1 × 0.5 m. The influence of spacing on stem diameter at harvest is shown in Table 2 ; the results showed that the widest spacing of 2 × 1 m had significantly larger stem diameter than the narrow spacing in the 1 st year ( Table 2) . Similar results were also found in the 2 nd and 3 rd years, where the 2 × 1 m spacing exhibited the greatest stem diameter, while the smallest stem diameter was found in the narrowest spacing of 1 × 0.25 m. In the 4 th year, the largest stem diameter was found in the widest spacing of 2 × 1 m (3.7 cm) and the smallest stem diameter was observed in the narrow spacing of 1 × 0.5 m (2.7 cm). The sprout number showed variation in their regrowth at different spacings ( Table 2) . The widest spacing of 2 × 1 m produced the highest sprout number at 12 months in the 1 st and 2 nd years (2.2 and 2.3 no./stump, respectively). In the 3 rd year, the widest spacing of 2 × 1 m gave highest sprout number, but this was not significantly different from the results of the spacings 2 × 0.5 and 1 × 1.5 m. The widest spacing of 2 × 1 m exhibited a superior sprout number when compared with the other spacings in the 4 th year.
Leaf and Branch Production
The narrowest spacing of 1 × 0.25 m exhibited the highest leaf yield (2.2 ton/ha) but it was not significantly different from the 1 × 0.5 and 1 × 1 m in the 1 st year ( Table   3 ). In the 2 nd year, leaf yield was the highest in the narrowest spacing of 1 × 0.25 m followed by the widest spacing of 2 × 1 m. There were little significant differences in leaf yield among the different spacings, although the narrowest spacing of 1 × 0.25 m tended to produce more leaf yield than the wide spacings in the ) and it was significant difference from the 1 × 1.5 m spacing in the 3 rd year. Spacing did not affect total branch yield in the 1 st -4 th year.
Woody Stem Production
The narrow spacing of 1 × 0.5 m gave the highest woody stem yield in the 1 st year (Table 3) . However, the woody stem yield in the 1 × 0.5 m spacing was not significantly different from the woody stem yield produced by the 1 × 0.25 m spacing. In the 2 nd year, the highest woody stem * , ** = significant differences at the 0.05 and 0.01 probability levels, respectively. ns = non-significant difference. † = Means in the same row followed by the same lowercase letter are not different at P < 0.05, 1 = standard deviation. ).
Total Biomass Production
The total biomass production was significantly influenced by spacing. In the 1 st year, total biomass was the highest in the narrow spacing of 1 × 0.5 m ( Table 3) ).
Chemical Composition and Heating Value
The results showed that the C content in woody stem of leucaena planted at the different spacings varied from 45.5% to 45.9% in the 3 rd year, which show no signifycant differences ( Table 4 th year. In the 3 rd and 4 th years, there were no significant differences in the N content which varied from 0.44% to 0.60% and 0.54% to 0.61%, respectively. Both in the 3 rd and 4 th years, there were no significant differences in the H, N and S content under different spacings which varied from 6.3% to 6.7%, 0.44% to 0.62% and 0.05% to 0.10%, respectively. The narrowest spacing of 1 × 0.25 m gave lower P and K content (0.05% and 0.41%, respectively) than the other spacings. The 1 × 1.5 m spacing showed the lowest Ca content (0.30%), while Mg and Cl content ranged from 0.04% to 0.05% and 0.25% to 0.31%, respectively which Note: * = significantly different at the 0.05 probability levels. ns = non-significant difference. † = Means in the same column followed by the same lowercase letter are not different at P < 0.05.
were not significantly different among the different spacings. The ash content of the woody stem showed no significant differences among the different spacings both in the 3 rd and 4 th years (2.2% -2.5% and 1.5% -1.7%, respectively). There were no significant differences in heating value (4.63 -4.72 kcal·g −1 of dry matter among the different spacings in the third year. Similar results were also found for heating value, which ranged from 4.37 to 4.41 kcal·g −1 under different spacings in the 4 th year.
Discussion
Plant height was relatively higher at the wide spacings and lower at the narrow spacings during the period of study. Differences in plant height due to spacing treatments were significantly different in the 1 st , 3 rd and 4 th years. In the present study, leucaena height was significantly affected by competition which has been due to the extremely high planting densities [14] . The higher densities resulted in reduced plant height which was caused by the failure of sprouts to grow after emergence due to the lack of solar radiation. However, growth height of leucaena is more less affected by spacing than stem diameter.
Spacing had an enormous impact on stem diameter. Leucaena responded to wider spacing and lower competition by producing greater stem diameters with the widest spacing (2 × 1 m) produced the largest trees in every years, while the narrow spacing decreased stem diameter. At narrow spacing (≤1 × 0.5 m), diameter growth was suppressed at an early age. The stems were relatively bigger at the widest spacing, presumably because of the higher availability of soil, moisture and light resources [10] . The small-scale power plant of wood biomass in Thailand is mainly accomplished by using both log wood and wood chip.
The minimum size of log wood required for biomass gasification system is 2.5 cm [15] . Therefore, the stem diameter from the wider spacings of 1 × 1, 1 × 1.5, 2 × 0.5 and 2 × 1 m can be used after 6 months in the 1 st year whereas the narrow spacings of 1 × 0.25 and 1 × 0.5 m required 12 months to gain a 2.5 cm of stem diameter. Similar results were also found in the 2 nd and 3 rd years ( Table 2) . However, stem diameters of all spacings at 6 months in the 4 th year were smaller than those in the previous years, because plants received only 350 mm of rainfall during the 6 months after cutting in the 4 th year compared to the 2 nd and 3 rd years (573 and 547 mm, respectively). Studies on other species have also reported an increase in density resulted in the decrease in stem diameter of trees such as eucalyptus [16] and poplar [17] .
The sprout growing from the different spacings showed variations in their regrowth. The sprout number increased with the reduction in stand density and there were significantly differences in large-sized stumps. With small-sized stumps of narrow spacings could cause a decrease in sprouting from such stumps [10] , because small area of stump resulted in low sprout number. The high sprout number of wide spacing resulted in no significantly differences in biomass yield in the 3 rd and 4 th years.
It is clearly that the spacing had an influence on the dry weight of woody stem yield. The spacing had distinctly difference dry weight of woody stem yield in the 1 st year, when compared to the 2 nd , 3 rd and 4 th years. The results showed that better performance contributed to a greater woody stem yield in the narrow spacings of 1 × 0.25 and 1 × 0.5 m as compared to that of the widest spacing of 2 × 1 m in the 1 st year. In accordance with Proe et al. [18] stated that maximum yields are generally achieved early in dense plantations whereas the widest spacing may be suitable for harvesting cycle over one year in order to get high yield. However, compare to the 1 st year, the widest spacing of 2 × 1 m increased the dry weight of woody stem more 60%, 91% and 58% and the woody stem of the narrowest spacing (1 × 0.25 m) increased 25%, 44% and 7% in the 2 nd , 3 rd and 4 th year, respectively. The widest spacing of 2 × 1 m tended to produce the high woody stem yield and biomass yield in the last-three years. Similar results were also found in Mitchell [19] and Proe et al. [18] , which reported that the wide spacing exhibited the highest biomass yield in long-term. Most of the spacings produced the higher dry weight of woody stem yield in the last-three years when compared with the 1 st year, though the 4 th year tended to decrease dry weight of woody stem yield. The abnormal distribution of precipitation resulted in lower woody stem yield and high leaf yield in the 4 th year ( Table 1) . Even though the maximum dry weight of biomass yield was in the narrowest spacing of 1 × 0.25 m, but the seed and planting costs of narrowest spacing were higher than widest spacing (8 times of widest spacing) in the leucaena plantation whereas the biomass yield was not significantly different between narrowest and widest spacing in the last-three years. For these reasons, the wider spacing would be more desirable, because it reduced a number of seeds and allows easier mechanized weed cultivation in terms of weed control [20] . However, the narrowest spacing is likely to decrease weed invasion by increasing the competitiveness of crop with weeds. Moreover, narrowest spacing resulted in higher leaf yield, but lower individual tree yields. The maximum leaf yield achieved at the narrowest spacing of 1 × 0.25 m throughout the experiment of period. In the present study, the leucaena is grown primarily for woody stem in biomass power plant, but the leucaena farmers can benefit from leaf yield, which could be a good additional income for them.
The results of ultimate analysis showed that the overall levels (as percent dry weight) of the five main elements were suitable for being used as fuel wood when compared to other biomass sources [21] , The content of C, H and O are the main components of biomass fuel [22] . Leucaena wood tended to contain higher of oxygen content compared with carbon and hydrogen which reduced the energy value [12] . Jenkins et al. [23] reported that carbon content can also be correlated with heating values, with each 1% increase in carbon elevating the heating value by approximately 0.39 MJ/kg. The NO x is one of the main environmental impacts of solid biofuels combustion, which NO x emission increased with increasing N content above 0.6% [24] . Leucaena wood has higher nitrogen content than other plant varieties in many reports [11, 12, 21, 24] because it can fix nitrogen from atmosphere. However, the N content of woody stem of leucaena planted at different spacings did not exceed the guiding value (0.6%) [24] . Generally the main elemental constituents of wood biomass are K, Ca and Mg, with smaller amounts of S and P. High amounts of S can cause problems regarding the emissions of SO x [24] . The S content of wood biomass forms mainly gaseous SO 2 . However, the S content of woody stem of leucaena planted at different spacings did not exceed the critical value (0.2%) according to Obernberger et al. [24] . Furthermore, the emission of SO 2 is usually not significant for wood combustion due to their low concentrations of S content [12] . Moreover, high amounts of S can cause problems regarding deposit formation and corrosion. Together with Cl and K play a role in corrosion mechanisms [24] . An increased K content more than 7% leads to a decreased ash melting point, which can cause slag and hard deposit formation in the furnace and boiler [22] . The K content of the woody stem of leucaena planted at all spacings did not exceed the critical value (above 7%), but tended to increase at the wide spacing. Obernberger et al. [24] reported that PCDD/F (dioxins) emission related problems were to be expected for materials with Cl content above 0.3%. The Cl content of woody stem of leucaena planted at all spacings cannot cause the PCDD/ F (dioxins) emissions because Cl content did not exceed the guiding value of 0.3% according to Obernberger et al. [24] . However, not only Cl content is necessary for PCDD/F formation, but also carbon, oxygen and catalysts (Cu) [24] . In case of ash melting point, Obernberger et al. [24] stated that Ca and Mg usually increase the ash melting point, while K decreases it. The content of Ca increases the ash melting point ranging from 15% to 35% [22] , while woody stem of leucaena planted at all spacings contained 0.30% -0.35% Ca and 0.04% -0.05% Mg. The P, K, Ca and Mg are identified as the most abundant ash-forming elements in biomass, all of which are essential plant nutrients and can be used in agriculture as fertilizers. None of the spacings produced the ash content in the woody stem more than 5%. McKendry [25] stated that the ash content above 5% resulted in the oxidation temperature to be above the melting point of the biomass ash, leading to the clinkering problems in the hearth and subsequent feed blockages. Thus, the ash content from biomass produced at all spacings should not have any adverse clinkering affect on gasification system. The heating values produced in the present study similar to those reported by other researchers [6, 26] . All of the spacings produced higher the heating values than the guiding value (3.35 kcal·g 
Conclusion
The spacing for maximum yield in the first four-year for leucaena plantation should not exceed 1 × 0.5 m. It is clear from the present study that leucaena can be harvested when planted at a narrow spacing (1 × 0.25 and 1 × 0.5 m) in the relatively short period of four years. Moreover, they produced not only high stem yield, but also high leaf yield compared to the wider spacings. The chemical composition and heating value, resulted of the present study were similar to other researches so that biomass harvested from all spacings can be used as fuel crop. Therefore, these results when applied to biomass and energy production will enable leucaena to be evaluated as a renewable energy.
